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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

EMPTRIGAL. COOLING CORRELATION FOR AN EXFPERTMENTATL
AFTERBURNER WITH AN ARNNULAR. COOLING PASSAGE

By William K. Koffel and Harold R. Kaufman

SUMMARY

An empiricel cooling éorrelation is established for an experimental
high-performance afterburner. This correlation relates the average
combustion-chamber wall temperature at a station near the combustion-~
chamber outlet to the temperatures of the cooling air and combustion
gas, and to the mass flows of the cooling air .and combustion gas. The
correlation equation is & useful device for shortening the experimental
investigatlon of afterburner cooling characteristics inasmuch as 1t
provides a method for interpolating, or to a limited extent extrapolasting,
the critical wall temperatures for other combinations of the operating
variables than those tested.

For the experimental afterburner investigated, the circumferential
average wall temperature could be. correlated with a spread from the
experimental data of 500 R over a range of combustion-gas bulk tempera-
ture from 1810° to 3500° R.

The achievement of high performance and good operational character-
istics simultaneously in an afterburner over a wide range of operating
conditions reguires certain arrangements of fuel distribution and flame-
holder geometry. Inasmuch as the latitude of these arrangements is
relatively small, the results for this afterburner are belleved represent-
ative of most high-performance afterburners.- :

Two other radisl distributions of afterburner fuel across the turbine-
outlet annuius were Iinvestigated end are discussed.

INTRODUCTION

Operational gas temperstures in both current and projected after-
burners are such that some form of cooling system 1s regquired to maintain
safe wall temperatures. One widely used form of cooling is provided by
air flowing through an annular passage surrounding the combustion chamber.
Design calculations of thils system based on previously available heat-
transfer data are, however, questionable because of the widely different
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flow conditions between afterburners and conventional heat-transfer
setups and because of other unverified sassumptions. Accordingly, a
carefully instrumented and controlled experimental afterburner was buiit
by the Lewis laboratory of the NACA to study the cooling characteristics
and temperature profiles in an actual afterburner cooled by air flowing
through an annular cooling passage. This installation also provided = -
data on the heat=transfer process between the combustion gases and the

walls, and data for examining the possibility of establishing an empt?tcgl_w
cooling correlation.to provide a convenient and rapid method for calculat-

ing the wall temperatures from commonly known performance parameters.
In reference 1 the effects of afterburner fuel-air ratle (exhaust -gas
temperatures from approximately 3060° to.3825° R}, radial distribution
profiles of the combustion gas and on the temperature profiles of the
combustion-chamber walls are tabulated and graphically preserted. Thg
variations of wall temperatures with_the mass-flow ratioc of coollng—air
to combustion-~gas flow end with inlet ceollng air temperature were aleo
determined. An analysis of the heat-transfer process in the combustion
chamber is given in reference 2 along with the effect of three radial
distributions of afterburner fuel on the convectlve heat transfer . __
coefficlent. for the combustion gas. o - -

of afterburner fuel flow; and combustion gas flow on the temperature =

This report deaels 'with the final obJjective. The form of a cooling
correlation egquation is analytically derived aznd the experimental date
of this investigation are used. to empirically evaluate the constants
in the equation. The resulting equation correlates the circumferential
average wall temperature at a station near the combustion-chember exit
with the bulk temperatures of the combustion gas and cooling air at
that station and with the mass-flow ratlo of cooling air to combustion
gas. Because design lnformation is often given in terms of the usual
engine performsnce parameters, methods. are developed for relating the
temperatures in the.correlatiaon equation to the usually known tempera—'
tures at the burner inlet (turbine cutlet), at the exhaust-nozzle exit,
and at the cooling-passage inlet, and to the mass flows of cooling air
and combustion gas. o e ==

The empirical constants in the correlstion equation may vary with
burner design; however; the performence and operating characteristica

of the afterburner tested were very good so that the cooling correlation T

for other high-performance afterburners would.prob&bly be similar. More

experience is regquired before it can be determined just how much these

constants may vary among high-performance afterburners. Meanwhile, the
use of the empiricsl correlation for this afterburner can provide.a
method of shortening the experimental inveatigation of cooling for other
afterburners by providing a means of interpolating or extrapolating the
wall-temperature data to conditions other" than those tested




6262

NACA RM ES2C13 . e

SYMBOLS

The following symbols are used in this report:

o
|

Q

H Dp UFJ)

Q

=

e R R

m,n, and p

= o B

»

"
Subscripts:
a

B,C,D,E,F,G

e

3600 Wie
- a"p,8a
UnDg (ft)_

numerical constant or an arbitrary constant
specific heat at constant pressure (Btu/(1b) (°R})
diemeter (ft) |

hydrsulic diameter of cooling passage (ft)
correction factor, f = Ta,F/cTa,Flo;lz

mass velocity (1b/(sec)(sq ft))

heat-transfer coefficient (Btu/(hr)(sqa £t)(°R))

“empirical constant

thermal. conductivity (Btu/(hr)(£t)(°R))

distance_from_flame—holder_center line to exhasust-nozzle
exit (£t)

exponents

bulk total temperature or surface temperature (°R)
over-all heat-transfer coefficienmt (Btu/(hr){sq ft)(°R))
gas flow (1b/sec)

distance dovnstream of fleme-holder center line (ft)

Ty = Tgs °R

absolute viscosity (1b/(ft)(sec))

cooling air
stations along the combustion-chamber length

effective
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g gas8 or combustion chamber . | =~ o o .
w combustion-chamber wall .- : : S eIt
x variable station -~ -~ - . T e ' S Tt TIDII
0 flame-holder center line . ... . Do - - L=
0.12 .. corresponding to mass-flow ratic'of 0.12° . RS ._T:u:g;i
1 exhaust~-nozzle exlt . ST, P o hxgivgéi:
2 and higher. are used ta distinguish between gpecific constants. = .- —
APPARATUS AND PROCEDURE : , -

Test Installation ... = .. . . : L e

A schematic draving of the experimental afterburner used inm this ... .. . ...
cooling investigation is. shown'in figure 1. The cylindrical combustion .
chamber had a length of 5 feet from the flame-hblder center line to the
exhaust-nozzle inlet. and an inside diesmeter of 26 inches; the annular

cooling passage had a heéight of 1/2 inch. The flame holder had a eing;e L e
V-gutter with sinusoidal corrugations on the traillng edges. The ' o
V-gutter had a me%n dismeter of 18 inches, a mean width across the S

corrugations of l inches, and an included .angle of 35°. The hlockage o ‘A;,:
at the downstream face of the flame holder was &bout 23 percent, and T
the velocity at the fleme holder under the conditions of the investigation : -
was approximately 480 feet per second. T " e L LT

Twelve radial, fuel spray bars were equally spaced circumferentiaslly
in a plane 8.75 inches downstream of the turbine flange and 13.25 inches - .
upstreem of the flame-holder center line. " Three different conf;gurations
(12 spray bars per configuration) of spray bars were used to study the
effects of various radial fuel distributions on empirical constants in.. AR
the cooling correlation equation. _Configuration A (fig. 2) produced a B
nesrly uniform fuel distribution. Configuration B increased the fuel e .l
concentration near the combustion-chamber wall and-dedreased the fuel ! T. 7 177
flow in the center of the combustion <chamber. -Configuration C ccncen- . LT
trated more fuel at the center and detreased the concentration near the .
combustion-chamber walls. - . T s

‘Instrumentation ... . . - . T LTz

Extensive instrumentation.was provided at six longltudinal stations ; .
(fig. 1), B, C, D, E, F, and G, with four of these stations, C, D, E, )
and ¥, having six circumferential groups of instrumentation. (The
instrumentation is described in det&il in reference 1.)

-
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Because of the large rumber of thermocouples, four flight.recorders
were used to reduce the recording time while maintaining equilibrium
conditions. The estimated over-all accuracy'of the individual tempera-
ture measurements are as follows:

Wall temperature, OF . . & & &t & v ¢ 4 v 4 « o . e o s e e e e o o . %15
Cooling alr, OF. . . . . « v & & s e v o e o s o a s o s o 4. . F10
Exhaust~gas temperature, oF. . . .. e e e e & s e s s s o &« » e FT50O

The'temperatures of the combustion-chamber wall and of the cooling air
in this report are arithmetic averages of thelr respective temperatures
measured at gix equally spaced positlons around the circumference of
the burner.

Range of Test Data

The afterburner in this investigation incorporated the best
avalleble experimental design information for high performance. Prelimi-
nary tests were conducted on a similar uninstrumented afterburner to
confirm that the afterburner configurstion for this investigation had
high performsnce and good operating characteristics over a wide range of
fuel-air ratio and altitude. The final geometry of the turbine diffuser
inner cone and flame holder in combination with the fuel spray bars
producing approximately uniform distribution of fuel across the turbine
annulus 1is designated configurastlion A. The variocous combinations of
conditions and afterburner configurations inﬂestigated are tabulated ’

In the following table:
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Configuration [Altitude| Exhaust- |Combustion- Masas- | Cooling- T T =
(ft) gas tem-| gas flow | flow | air inlet . e

perature| = Wy ratlo [temperature ekl

Tg,1 (1b/sec) Wa/wg Ta,0 o T

(°R) - . (°R) o

A 30,000 30D . 22.1 7T p.0672 500 S T
. - .1872| 1587 T

30,000 3240 . ‘T 22.2 ' p.1002 ‘500 T ‘Lgi

ta to SRR S

- = |.1917] 1222 =

30,000 3435 22.5 ~ 0.0955 502 e T =

S| to to E

: L1796 1408 e i e

40,000 3265 135.8 7. 0.1440 - 528 - it

oL to T

. _ _ . : . " .. 134:0 _ L - —

30,000 3825 | . 22.8  0.1374 515 T

. | .1906 e

B 30,000 3215 | 22.,2. . 0.0985 495 - T
: S . l.1e91| 1223 T LT =

c 30,000 .| 3235 | 22.5 p.1de0] T B24& . 0 7 TUETE
i ' - 1450 e e ,h,.:

30,000 3764 22.4 0.1912 524 _ o T
Iiniiaikiklee e e DR I T RATR TE TR PR R N T ]

Configurations A, B, and C differ only in the radial distribution oo TI

of fuel scross the turbine-outlet annulus. . Because of the negligible

heat transfer. to the cooling air Just upstream of sta.tlon B, the inlet . o =

cooling-air temperature T  , was taken equal to the cooling-air. i
o, o et

temperature measured at station B. . The mass-~flow rate of cooling air L

Wy, end the inlet cooling-air tempersture Ta 0 were systematically I
end. independently verled while holding all other quantities constant. T ::
All dats are for a simulated flight Mach number of 0.52 and rated engine_ o S
speed. Most of the data were obtalned by adjusting the afterburner . ' T L
fuel flow in order tg maintain sn average burper :Lnlet (turbine outlet} L _.
temperature of 1633 * 12° R, which resulted in &.nearly constent gas . = - - .——
temperature at the exheust-nozzle exit for & given exit area. =~ = . - =
ANALYSIS S : R

Derivation of Coaling Correlation Equation . o

The form of the.coollng correlation equation is developed in the. o
following paragraphs from a heat balance AcI¥gs" th.e mxgb_gstlon—chamber s
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wall at station x (fig. 3) on the assumption that there are no external
heat losses and that heat 1s transferred by forced convection only.

The assumption 1s valid since the outside wall &f the cooling passage

was insulated. About one fourth of the heat was transferred to the
combustion-chamber wall by nonluminous radiation (reference 2), but it is
convenient to derive the form:of the correlation equation by neglecting
radiation and toc assume that raedlation and other uanknown effects can be
accounted for by the emplrical evaluation of constants appearing in the
equation.

The heat balance at station x can be written as

) = ha',x(T

- T
WX a,x

) e
or ’ T T T T - o . . T

Tg,x - Tw,x =_haLx '

i Tw:x - Ta;x hg:x

(2)

The convective heat-transfer coefficient for turbulent flow of
gases is given approximately by (reference 3)

hD ep\& '
D GD 3
% = Ca (l_L (3)

An approximate relation between viscosity and temperature is (reference 4)

B (TN
Ho 0 .
and the viscosity and thermal conductivity are related approximately by

k = Czh (5)

Substituting eguations (4) and (5) into equation (3} and rearranging give

n{i-
h = Cé:p_ol—m (_I'_i"}_) ( m) D(ir:‘m (6)
0
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The. substitution of eguation (6) into equation (2} and the application : e

of the subscripts & and g for air and gas, respectively, give L o
T n(1-m)
u 1-m [ 83X c®p I-m
T . =T - 78,0 Te.,0 8 g -
gaX WX P)
Tw,x - Ta,x T '

1-m _5&) 1-m .

o0 ( G nﬁﬁ )

£y Tg,O g a &,

Q
but . - - - . PR o - - . _- . P el PR . - C o —m . A e sem——
T o o n- ... . o i R . . L

8,

2 G 2 ) (8) :
“g;o g,0 . L
because the viscosity of the combustion gas and of the cooling alr can.. ... .- .
be practically represented by the same curve. Bubstituting equation (8) R
into. equation, (7) and simplifying give - . : PR

- o n{1l-m m 1-m -

ngx i Tw,x = Cg (Ta,x) )(Eg) (.Dg ) (9)

Tw,x = Ta,x \Tg,x Gg Dh,a _ .
Equation (9} reduces to . - o Tt : e e
T - T % P oW \2 | -
- =
EfQEL——EFlE = K (EELS) (;?) (10) oLz
WyX ~ Ta,X g,X g o
for a. constant: geometry. ‘Inasmuch as radiation was neglected end UL T
approximate expressions were used in this derivation, 1t is to be _ Lo L=
expected that the exponents P cand m will not be uniquely related e
as are the exponents in equation (9). = . . _ -
T o o - e
Equation (10) stetes that the parameter Tax = Twx will plot .. .. 7%

Tw x T Ta,x

as a straight line, on log-log coordinates, against: seither the ratlo ... . ._
T, x/Tg,x OF Wa/Wg when the remaining ratic is held fixed. = Thus h *Tfjg

the exponents p amd m can be evaluated empirically if the experimental o
data plot as straight lines on log-log coordinates. The constant and B
the exprnente in equation (10) will be determined later Tor the average
wall tewverature st statlon F, 4 feet.dowdstream of the flame holder
and 1 Tco>t upstream of the nozzle 1nlet._ Statlon G was closer to the
ex:uust- v ,zzle Inlet, but station F was used.because “the" instrumentation”

was more complete than at station G. The vwall temperatures at station G . . %

are about 100° to 150° R hotter than st station ¥ for Ty, F OF 2850°
and 3170° R, respectively (reference 1).
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Relation of Tg x and_ Ta,x to Known Parameters

The wall temperature Tw;x at station x is given in equation (10)

ag a function of the corresponding bulk total temperatures of the
combustion gas Tg'x’ and the cooling air Ta'x’ and of the flow rates
2 - J

of the cooling air W, and combustion gas Wg.'_waever, a designer

may be given only the total temperatures at the burner inlet Tg o &aund
at the exhasust nozzle outlet Tg 1, the iniet coollng—air total tempera-
ture Ta,O’ and the-flow rates W, and W from afterburner performance

data. It is therefore necess to relate T B 7o T and T
< Cessars gx. 0 78,0 g1

and to relate T to the temperatures _Tg,b"Tg,l? Ta,O’ and to the
flow rates Wg. and ‘W ' "

The value of Elfg)x wag not measured directly in this investigation

so that it was necessary to obtain an equation for the longltudinal
distribution of the combustion-gas total temperature. It has been
found. that the calculated longitudinael distribution (see method of
reference 5) of the total temperature in ram-Jjét combustion chambers,
having internal geometries and fuel systems somewhat similar to the
afterburner of this investigation, are generalized quite well (fig. 4)
by the equation

T - T
T - T 2L .
851 8,0

As a check on the applicebility of equetion (11) to the afterburner of
this i1nvestigation, the longitudinal distribution of static pressure
was calcutlated by the principles in reference 5 from the tempersture
distribution of equation (11). The agreement between the calculated
curves (fig. 5) and the symbols representing the experimental pressure
distribution is very good. In view of this agreement and of the results
of figure 4, equation (11) was used to calculate T x in this report.

Eguation (ll) states that the rise in combustion-gas temperature to
station F (x/L = 0,651) is 0.85 of the temperature rise from the fleme
holder to the exhaust-nozzle exit.

Equation and design charts are developed in appendix A for the:
purpose of calculating the temperature Ta,x Ffor any combinatlion of the

independent design variables T > T » T s W, and .W_. These

8,0 g,1 a,0” "a g
charts are convenient for design calculations, and the development
11lustrates a procedure for interpolating the values of Ta,x measured

in other afterburners. Use of the charts in the correlation equation -
for caleulating the wall temperature at station F is illustrated in the
sample problem of appendix C. -
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RESULTS AND DISCUSSIOR .
Determination. of Cooling Correlation Constants o R

The exponent. .p was determined from figure 6(a). The data of L
several series for which the mass-flow ratio was constant fall approxi- -
nmately along a shraight line having a slope of Q. 75. The exponent m
was found from the slope of figure G(b) to eqpal 0.80 for seversl serles
of data in which both the temperature ratio - Ta F/T ,F and the mass-flow

G-
ratio Wa/Wg were varied. The constant "K .. eguals 30, correspondingi" jjuzjgij
TgF"TwFTF’O73 : -
to the intercept of the parameter .-—Ri= at a mass— . a:
Tw,F a,F _Tg,F
flow ratio of unity. The working correlation equation for configure--. -
tion A is then ST T . LT T T ' : N
= 0.73 0.80 - : -
T - T T -
TW,F - Ta,F e Tg,F Wg

The exponent of the mass-flow ratio agrees with the handbook
values for turbulent. convection. The exponent of the temperature ratio
a F/Tg is about two and one half times the value of 0.3, corresponding
2 J .

B

to turbulent convention alone (see.reference 6). This difference is .. L e
attributed to radiation. . . _ oL . o LIl

The date from configurations B and C; in which the radial distribu-
tion of afterburnér fuel was varied, were correlated by similar plots S
(fig. 7) giving different constants and somewhat different exponenmts. ==~ -
The correlations for configurations B and C' are not applicable toc good Lz

afterburners because these configurations had poor performance and . ... R
undesirable opersting or cooling characteristice (reference 1), but they
do illustrate how much the wall temperature can be affected. The wall o
temperatures calculated from the respective correlation for each .l
configuration are shown to. better advantage in figure 8 for a combustion— '
gas temperature T F of 3500° R and & mass-flow ratio of 0.143. The

wall temperature_at_station F increases approximately linearly for all
three configurations as the cocling-air temperature increases from _ L
800° R (corresponding to an inlet cooling-sir temperature Tg o oOf S
about 500° R). The wall temperature résulting from configuration B

was sbout 180° hotter than for configuration A, whereas the wall tempers-
ture for .configuration C was 50° colder than for.configuration A. The. .
simultaneous achievement of high performasrce and good operational = . e
characteristics over a wide range of operating conditions in an after- [P
burner requires certaln arrangements of fuel distribution and flsme-
holder geometry. TInasmuch as the latitude of these arrangements is
relatively small, the results for conflguration A are believed repre-
sentatlive of most high-performaice aTterburners, vhereas configurations B .
and C are not representative. =~ - e Ce T
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Comparison of Well Temperatures from Correlation .

with Experimental Wall Temperatures. .

The quallity of the correlation cannot be determined very well from
figure 6(b). The agreement. between the wall temperature from the correla-
tion and the corresponding experimentel wall temperature is dependent on
the scatter in the data points used for evalusting the empirical constants
and whether the correlation accounts for the effects of all significant
variables. An indication of the degree to which this was achieved is
shown by the agreement hetween the calculsted average wall temperature
and the corresponding average experimental wall tempersture. Figire 9(a)
shows that an agreement of t50° R or less was obtained for the large

number of data points for configuration A over a range of Tg p from

about 1810° to 3500° R and for burner inlet temperatures of sbout 1342° to
1633° R. The same agreement resulted for data with a burner iniet tempera-
ture of "1633° R when the calculated values of Ty, B from the working

charts of appendix A were used in the correlstion equation for configura-
tion A (fig. 9(b)).

' CONCLUDING REMARKS °

An emplirical cooling correélation is established for an experimental
high-performance afferburner. The correlation equation is a means of
shortening the experimental investlgation of the afterburner cooling
characteristics by providing a means of interpolating, or to a limited
extent extrapolating, the critical wall temperatures for other combina-
tions of the oPerating variables than those tested.

The data for the empirical cooling correlation developed in this
report were obtained from an experlmental afterburner cooled by air
flowing through an annmular cooling passage 1/2 inech in height. The
cylindrical combustion chamber had an inside diameter of 26 inches and.
a length of 5 feet from flame holders toc exhamust-nozzle inlet. ’

The average wall temperatures calculated from the correlation
equation agreed within 150° R of the corresponding aversge experimental
temperstures at & station where the combustion gas had achieved 0.85 of
the temperature rise from the flame holder to the exhaust-nozzle exit.
The correlation yielded calculated wall temperatures within this agree-
ment for combustion-gas temperatures at this station ranging: from.about
1810° to 3500° R.

Three radial distributions of afterburner fuel across the turbine
outlet annulus were investigated. Similar correlations for wall
temperature were obtained for each fuel distribution but with somewhat
different empirical constants. One fuel dlstribution resulted in wall
temperatures 180° R higher and another in wall temperatures 50° R lower
than the best fuel distribution investigated; but these temperature
veriations were accompanied by poor performence end undesirable operating
or cooling characteristics. The simmltaneous achievement of high

- i S
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performance and good operational characteristics over a wide range of . T

operating conditions in an afterburner requif¥es cértain arrangements o )
of fuel distribution.and flame-holfer geometry. - Inasmuch as the 1ati£ude'7f"ﬁfﬁ?
of these arrangements is relatively small, the results ‘for the configura- =

tion with the best fuel distribution are believed representative of most . .

—— e AT
—

high-performance-gfterburnexrs, whereas the correlatlons for the Other :
fuel distributionms are not rePresentative,;;;_- ”

T ams A © o - - - -
- S T ——.

Lewis Flight Propulsion Laboratgry N -
National Advisory Committee for Aeronautlcs T It
Cleveland, Ohio- L S B SR - —_ -
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APPENDIX A

RELATION OF Ta,F TO DESIGN VARTIABLES

The form of the function relating T, . to the design variables
2

is first obtained for a heat exchanger (fig. 3) representing the com-~

bustion chamber and the. cooling-air passage and then modified to fit the
experimentgl data. -The characteristic equation for this heat exchanger
is (derivation in sppendix B) ' C '

x
Tg,x = Ta,x - (Tg,o - Ta,0 _ 2nL.B ) e‘ﬁ +
Tg,1 = Tg,0 \Tz,1. - Tg,0 (xB)% + 412
2nLB T X gnB)2 T X ’
——————— cos - = + sin — = (A1)
(xB)2 + 412 2L (aB)2 + a2 2D
where . L L .
3600 W c T '
B = s - g 7% (AZ)
UﬂDg T

Figure.1l0 is a plot of equation (Al) for =x/L = 0.651 (station F).
Equation (Al) was derived on the basis that the over-all heat-transfer
coefficient U between the combustion gas and the cooling air is
independent of x. However, U veries wlith x in an actual afterburner
(reference 2) so that it is necessary to determine an effective value

of U that is constant over.the distance 'x. This constant value Ue

has been evaluated for the range of the experimental data for x equsl
to the distance from the flame holder to station F. The values
of U, would have been different if another station had been chosen.

The determination of U, constitutes the fitting of equation (A1} to

the afterburner tested. This fitting was accompllished for station F
by substituting the calculated value of Tg,F and the messured values

of Tg 1s Tg s Tg,ps and Ty o into equation (A1) or more simply into

‘the parameters of figure 10 and obtaining the value of B. With this

value of B and the measured value of Wy, equation (A2) was salved
for. TU.. '
e .

The values of Ué o be used in calculating Ta F vere plotted in
2

figure ll(a) against the inlet cooling~air temperature Ta,o for

several exhsust-gas temperatures Tg,l with a burner inlet temperature

Tg,0 ©of 1633° R and a mass-flow ratio of 0.144. The effect of exhaust-
gas temperature level on Ue is of the same order as the scatter so
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that a mean.line was drawn through the data.  The values of Uy for
a mass-flow ratio - of 0.098 are shown in figure 11(b). Values of Ue

for other mass-flow ratios_can be Tead from flgure 12, which is a cross
plot of figures 11(a) and 11(b). Tt was found that for an inlet.cooling-
air temperature Tg ,0 of 500° R, U, was prdattically a linear function

of the mass~flow ratio when plotted on log=log coordinates. Straight
lines were drawn through the cross-plotted values of Uy (from fige. 11(a)

and 11(b)) for other values of T, ,0°

Simple working charts relatlng T, ,F t0 the generally known
temperatures T ,07 Tg,l’ Ta o é&nd mass-flow ratic were developed.from '
equations (11}, (Al), and (AZ) from the values of U, from figure 12.

The first chart (fig. 13) shows the calcylated cooling-éir temperature
a F plotted against the inlet cooling-air temperature for a mass-flow
ratio of 0.12. The value of Tg,r at any other mass-flow ratio is

obtained by multiplying Tg p &t wa/w = 0.12 by the factor f .from.

the second chart (fig. 14} corresponding to the particular values of

Ty,0 =0d W /wg.. .

2529
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‘ AFPPENDIX B
DERIVATION OF LONGITUDINAL DISTRTBUTION OF COOLING-AIR TEMPERATURE

The one~-dimensional distribution of cooling-air temperature is
derived by assuming that the over-all heat-transfer coefficlent U is
independent of the distance downstream of the flame holder. It is also
assumed that the longitudinal distribution of the combustion-gas total
temperature is given by theé equation

T - T
Zgx " 8,0 gin XX (B1)
Tg,1 ~ Tg,0 2.L
Differentiation of equation (Bl) and consideration of Tg,0 and
Tg,l as qogstants give _ _ -
aT g
g.x T _ T X 2
dax 2L (Tgyl TS:O) c,o.s Z 1 (B‘ )
The heat balance at station x is,
U-n:Dg(Tg - T,) dx = 3600 WoCp, a9Ty . (B3)
or
4T, Ty - T 2]
- d_f{‘ = £ & = - . : (34:)
3600 Wécp’a B
U’atDg
where . R - T o
O=1T, -~ Ty (B5) -
and T oL e
3600 W, oo
B = 2 Yalp,a . : (B6)
UrDy
Differentiating equation.(BS) and rearranging give
am .
—a _ g a8 - (B7)
dx dx dx o g
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Substituting equations (B2) and (134) into equation (B7) and rearranging

gilve: B oL i .
e .6 = - % x ; R
ol (?s,l Te, 0) CBTE (28 -
A Y S i el P e 2 ]
which has the general solution . -. T _ .. e
A i P R R =00 s T =3
8= Ce B+ 2np & EaR% oo T X ¢ (xB )z—g-'-l————g-*-(Lsi Ix N
(xB)2 + 412 _ 2L " " (aB)2 4+ 412 2L - N

(B9) |
Substituting boundary conditions: 6 = T Tq 0 wvhen x = (0 into =
(B9), evaluating €, and rearranging givé ’ - : =
T T, T T e - '
E2X 2.X . ( EL_O 8,0 _ ExLB, ) e By BB XX, o
Tg,1 - Tg,o \Tg,1 - Tg,0  (wB)2 + 412 (xB)® + 41.2 aL . . =
B 2 X 5
—(—)-——, sin — =- : (B10) St
(xB)Z + 4L® 2L . e
Thus; the cogling-air temperature at any point x 1s given in _ o,
terms of. the. known parameters , B, and -—5-1-———'9 and the d.ependﬁn‘t ) - _;
. . T Ty,1 - Tg,0 R
parameter —B:X 83X ip yhich T . is found from equation (Bl). ) e

Tg l - ngo ) . T SJ - o "__". P . T = TR __.

B . T R
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APPENDIX C
SAMPLE PROBLEM

It is desired to calculate the average inside wall temperature at
station F for afterburner configuration A of this report. The following
conditions are given:

r

Burner inlet total tempéréfure; Tg,O’ OR: v v v 4 4« v v'e 4+ . . . 1833
Exhaust—gas‘total temperature, Tg,l,_OR R T T T £
Inlet cooling-sir temperature, Ta,o:_oR e e v s e e e e e e s e e e LTT1
Cooling-air flow, Wy, lbfsec. . . . . . . . . . . .. T . . . . 3,15
Comfustion—gas_flow, W 1b/sec . . C e Ce e . e .. . 22.3
Fraction of combustion-chamber léngth, x/T. e s e+ e e+« .« . . .0.850

The cooling-air temperature Ta,F is found frOm figures 13 and 14.
3 - lo] ; = o n
From figure 13, (Ta’F)O.lZ = 977 .R, corresponding ta. T, o = 771° R

and Tg,l = 34250 R. The mass—fléw'ratio_is

Eé = 215 o= 0.1412
Wg 22.3

Therefore, £ = 0.987 from figure 14, corresponding to WQ/W- = 0.1412
and Ty.0 =.771° R. The cooling air temperature at station F is

s _
To,p = f(Ta,F)O.lZ = 0.987 x 977 = 965° R.

The combustion-gas temperature Te,F ie obtained from equation (11)

Tg - Tg X5

- 2
TSJl- TgJo L
which, upon rearranging, gives
.onxF
Tg,7 = (Tg,1 - Tg,0) sin g 7 + Tg0

I

(3425 - 1633) 0.853 + 1633 = 3162° R



18 . o - 4 NACA RM ES2C13

To,F 965 . . o |

ce,l , 200 4 305

T Bz Y __ .

g,F . . -

Substituting into equation (12} gives

2. - Tw.F . 30(0.305)0+73 (0.1412)0+80
T, 7 - Ta,r o

= 2,64 e s _

and rearranging gilves

7 o Tgpt2.688 Ty p 3425 + 2.64 X 965

W, F 3.64 o 3. 64

= 1641° R _ L o
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